Cryotropic Gel Formation for Food Nutrients Encapsulation - a Controllable Processing of Hydrogel By Freezing  by Nakagawa, Kyuya & Nishimoto, Noboru
Procedia Food Science 1 (2011) 1968 – 1972
2211–601X © 2011 Published by Elsevier B.V. Selection and/or peer-review under responsibility of 11th International Congress on Engineering  
and Food (ICEF 11) Executive Committee.
doi:10.1016/j.profoo.2011.09.289
11th International Congress on Engineering and Food (ICEF11) 
Cryotropic gel formation for food nutrients encapsulation  
- A controllable processing of hydrogel by freezing 
Kyuya Nakagawaa*, Noboru Nishimoto  
Research Centre for Nano-Micro Science and Engineering, University of Hyogo, 2167 Shosha Himeji 671-2280, Japan 
 
Abstract 
Considering severe security regulations for food and pharmaceutical ingredients, it would be ideal to make various 
types of encapsulants from a widely approved single substance. Use of cryogels for encapsulation would be an 
interesting idea. Cryogel is defined as a hydrogel where sol-gel transitions are induced by localized concentration 
increase of the substrate due to ice formation during freezing. It would thus be expected that gel network formations 
can be controlled by a freezing process, and the controlled polymeric structures are advantageous for release control. 
In this work, chitosan based cryogels were prepared for investigating encapsulation characteristics of a model 
ingredient. It was found that the release behaviour of the ingredient from the prepared cryogel matrix could be 
controlled by the freezing condition for the gel preparation, indicating that a freezing operation controlled the gel 
network formation that determined consequent release characteristics from the hydrogel matrix. The differences of 
gel network structures formed via the different freezing conditions were illuminated by SAXS analysis.  A clear 
structural anisotropy appeared when the chitosan suspension was rapidly frozen. On the other hand, this strong 
anisotropy disappeared when the cooling rate was decreased. It is a clear evidence of polymeric structural 
modifications appeared in cryogels prepared via different cryo-processing. This cryogel based encapsulation would 
be a potential technique for realizing a structural design of the encapsulants simply by tuning the freezing conditions. 
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1. Introduction 
Enormous challenges are dedicated for encapsulation and controlled release technologies with 
considerable engineering interests and, as widely known, major highlights are given by pharmaceutical 
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and food researches. Due to a large variety of food nutrient, a processing technique for encapsulation has 
to meet numerous requirements, such as, encapsulation efficiency, stability, release characteristics etc. 
Hydrogel is a widely accepted soft material that can widely be used as an encapsulant for food system 
(Many traditional gel foods naturally encapsulate nutrients.). Hydrogel allows us to design release kinetics 
of encapsulated ingredients by controlling its mass transfer resistance through the polymeric networks. 
These gel structures usually possess nano-scale holes formed by polymeric chains, and the sizes of these 
holes are determined by the characteristics of the polymers and the degree of gel formation. It is a 
reasonable strategy to design a controlled release system in a hydrogel by controlling the gelation 
manners. But it is not always easy to realise it because of the difficulty of sol-gel transition management 
in an industrial process.  
Cryotropic gelation (cryogelation, freeze-gelation) would be a useful sol-gel transition route that 
matches the needs of the food industry for preparing functional hydrogel matrix [1-4] and also for 
designing controlled release systems [5]. Cryotropic gelation, as schematized in Fig. 1, is defined as a 
gelation that is induced by the concentration enhancement caused by the removal of water (dehydration) 
from the system due to ice formation during freezing [6,7]. Cryogelation process uses sub-zero 
temperature for inducing gelation. It is a great advantage for encapsulating heat sensitive materials such as 
proteins, peptide, vitamin and so on. Further, cryogelation is a physically cross-linked system, it thus does 
not always require chemical cross-links that usually lead undesirable denaturation of the ingredients.  
Lozinsky reported that the polymers spontaneously form gel at certain speeds under sub-zero 
temperatures, and the gelation kinetics is strongly related to the undercooled condition [8, 9]. Therefore, 
the gel network formation that is controlled by the gelation kinetics could be controlled by its cooling 
protocol. The authors strongly believe that cryogelation is a promising process technology for producing 
various hydrogel matrices from a single suitable chemical formulation. And the entrapment of suspended 
substances into a gel network could also be controlled by the freezing operation. 
In this report, cryogels were prepared from aqueous chitosan suspension. Lipase was selected as a 
model of ingredient and encapsulated into the prepared gel network structures. Frozen samples were 
subsequently freeze-dried to investigate the polymeric network structures by Small Angle X-ray 
Scattering analysis at ambient condition. Prepared samples are rehydrated in a phosphate buffer solution 
for investigating the release behaviour of the encapsulated enzyme from the hydrogel matrix. Influence of 
the freezing conditions on the characteristics of prepared cryogel was elucidated.  
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Fig. 1. Schematic illustration of cryogelation 
1970  Kyuya Nakagawa and Noboru Nishimoto / Procedia Food Science 1 (2011) 1968 – 1972
2. Materials and Methods 
2.1. Materials
The chitosan granules used in this work were supplied from Tokyo Chemical Industry Co., Ltd., Japan. 
The degree of deacetylation of this chitosan was measured by using 1H-NMR to be about 82%. A 2 wt% 
chitosan aqueous suspension was prepared by dissolving chitosan powder into 0.1 M acetic acid soution. 
Lipase was purchased from Sigma Co., Ltd., Germany. 
2.2. Cryogel preparation and freeze-drying procedure 
Sample preparation was carried out by a freezing system with a contact plate heat exchanger. In this 
setup, the temperature of the sample was controlled by circulated coolant in the heat exchanger. A sample 
holder with a cylindrical hole (made from PTFE, diameter D=10 mm, Height H=10 mm) was set on the 
cooling plate, and the sample solution was set in the space. 30 ȝl of lipase solution (20 mg/ml) was 
carefully mixed with this suspension. The sample solution in the sample holder was cooled at selected 
cooling rate (-0.25, -0.5, -2.0 K/min) and frozen at -40°C. The obtained frozen samples were subsequently 
freeze-dried for 24 hours. 
2.3. Characterization 
Small angle X-ray scattering (SAXS) analysis were carried out at beamline BL40B2 of the SPring-8 
synchrotron facility in Japan (Hyogo, Japan). The beam was monochromatized to a wavelength of 0.1nm 
with an object distance of 4179 mm. One imaging plate, sized 30 cm*30 cm, was used to record 2-D X-
ray scattering patterns. The diffraction profiles were normalized to the beam intensity and corrected 
considering the empty sample background. 
These dried samples were rehydrated in phosphate buffer solution (pH 8.0) for investigating the release 
curve of lipase from the matrix. A piece of the freeze-dried cryogel specimen was set in a test tube with 2 
ml of the buffer solution, and the test tube was tightly capped and installed in a shaking bath where the 
temperature was maintained at 37ºC. One ml of the solution was sampled periodically, and the same 
make-up volume of fresh buffer solution was added to the test tube. Lipase concentration in each sampled 
solution was analysed by Lowry protein assay. The total mass of lipase loaded in each freeze-dried 
specimen was used to standardize the released amount.  
3. Results and Discussion 
Chitosan is an amino polysaccharide that has a lot of potentials for use in functional food systems. 
Numerous researches have been carried out with chitosan-based hydrogels. The authors would like to 
show in this report that the polymeric structures of hydrogels derived from chitosan via cryotropic 
gelation were influenced by the cryo-processing, that is cooling rate during freezing. In the present 
freezing system, a sample solution was cooled by the heat-exchanging plate at the bottom. Therefore, the 
direction of freezing was always controlled from the bottom to the top. We have respected this direction 
for the following SAXS analysis, as depicted in Fig. 2. A polymeric network contains numerous sizes of 
structures so that a scattering peak should usually become broad. If the polymeric matrix posses a specific 
structure at certain level of continuity, it appears as a peak on the profile. The peak intensity reflects the 
density of substances that occupy the space. One can see from Fig. 2 that a clear structural anisotropy 
appeared when the chitosan suspension was rapidly frozen. For this sample, the structural continuity, that 
can be seen on the 0° line, did not appear on the line along with the freezing direction, suggesting that the 
vertical stacking of the chitosan matrix was considerably disordered (It probably relate to the binding 
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manner of polymer chains.). On the other hand, this strong anisotropy disappeared when the cooling rate 
was decreased. It is a clear evidence of polymeric structural modifications appeared in cryogels prepared 
via different cryotropic histories. On the profile of the sample prepared via medium cooling condition, 
several peaks could be confirmed around q = 0.125 to 0.150 (that correspond to the structural size ca 40 to 
50 nm). It is suggested that this freezing condition allowed the present cryogelling system to form specific 
polymeric structures. When the present suspension was slowly frozen, a slight anisotropy appeared again. 
But in this case, the structural continuity would appeared on the line along with freezing direction much 
more clearly than on the 0° line. The authors have not yet arrive at the full comprehension to the meaning 
of the obtained SAXS pictures, but, at least, these data revealed that the freezing operation clearly 
controlled the structural formation of the chitosan hydrogel system. And the relevant structure (that can be 
modified by freezing) included networks ca 40 to 50 nm in size. 
These structural changes would largely relate to the protein encapsulation properties in the hydrogel 
samples. In the present process, ingredients would be encapsulated incorporated with the structuralization 
of the encapsulant (chitosan cryogel). Let us look at the protein release behaviours from these cryogels 
(Fig. 3). It was found that the total amount of lipase released from the freeze-dried cryogels corresponded 
to their preparation protocols, that is, cooling conditions. It should be noted before closing that the 
enzymatic activities (hydrolysis of p-nitrophenyl acetate) of the released lipase could fairly be confirmed. 
This cryogel based encapsulation technique holds considerable potential for producing various types of 
hydrogel structures (nanostructures) from a certain suitable formulation simply by changing their 
processing parameters.  
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Fig. 2. SAXS profiles obtained from freeze-dried cryogels; (a) 2-D profile for samples prepared via rapid cooling, (b) medium 
cooling, (c) slow cooling, (A) 1-D profiles obtained from vertical (90°) lines, (B) horizontal (0°) lines 
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Fig. 3. Release curves of lipase from freeze-dried chitosan cryogels (pH 8.0) 
4. Conclusion 
Chitosan based cryogels were prepared. It was found that the release behaviour of the enzymes from 
the prepared cryogel matrix could be controlled by the freezing condition for the gel preparation, 
indicating that a freezing operation controlled the gel network formation that determined consequent 
release characteristics of the encapsulated enzymes from the hydrogel matrix. The differences of gel 
network structures formed via the different freezing conditions were illuminated by SAXS analysis data.
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